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The Life  Sciences Program Office of the  National  Aeronautics and 

Space Administration's  Office of Manned Space Flight i s  v i t a l l y   i n t e r e s t e d  

i n  promoting and developing new ideas which will advance  the  technology 

i n  thermal   control   systems  for   portable  l i fe  support  systems.  mny 

excellent  concepts  and  operating  subsystems for crew  equipment  technology 

have  been t ranslated  into  successful   hardware  demonstrat ion  in  NASA 

laboratories  and  by  associated  contractors.  The involvement of academic 

l abora to r i e s  and  personnel  has  not  been as g r e a t  as was o r i g i n a l l y  hoped. 

Perhaps t h i s  has been due t o  the f a c t   t h a t  academic inves t iga to r s  were 

not aware of the c r i t i c a l  problem areas i n   p o r t a b l e  l i f e  support  systems 

nor were they  cognizant of the f a c t   t h a t  NASA is i n t e r e s t e d   i n   j o i n i n g  

with  col leges   and  univers i t ies   to   develop new ideas to   so lve  f'uture manned 

space  f l ight  problems. 

This r e p o r t  on Portable  Thermal  Control  Systems i s  i n t e n d e d   t o   i n t r o -  

duce the reader t o  some of  the e x i s t i n g  Crew Equipment  Technology  involved 

i n  ma in ta in ing   a s t ronau t s   du r ing   ex t r aveh icu la r   ac t iv i t i e s   i n   suppor t  of  

mission  requirements and t o   p i n p o i n t  areas where problems exist. We 

encourage you t o   s t u d y  this report .  If, i n  your  research, you have 

already  developed new ideas, theories ,   chemicals ,   e tc . ,  which would be 

a p p l i c a b l e   t o  NASA's problems, we hope  you will feel inc l ined   to   contac t  

u s   t o  see whether a jo in t   r e sea rch   e f fo r t   can  be i n i t i a t e d .  

Walton L. Jones 
Deputy NASA Director f o r  L i f e  Sciences 
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I. INTRODUCTION 

The  most  difficult  problem  encountered  in  the  design  of 
space-oriented  life-support  systems  is  that  of  providing 
the  astronaut  with  an  adequate  thermal  environment  at  all 
times 24’25. While  it  is  true  that  man  can  adapt  satisfac- 
torily to a  fairly  wide  range of environmental  conditions 8 

he  requires  nonetheless  that  heat  removal  from  the  body 
be  accomplished  within  the  narrow  margins of comfortable 
temperature  level 8 f  34. The  problem is complicated  further 
by  the  following  limitations  imposed on the  system: 

Widely  varying  heat  inputs. The inputs  into  the  cooling 
system  are  the  astronaut’s  metabolic  heat  production,  heat 
generated  by  subsystems  within  the  portable  life-support 
system  and  external  heat  inputs  from  the  environment,  such 
as  thermal  radiation  from  the sun, planetary  surfaces,  and 
the  spacecraft.  These  external  heat  inputs  vary  considerably. 
Furthermore,  the  added  constraints of a  pressurized  soft 
space  suit,  low  or  zero  gravity,and  low-traction  environ- 
ments  result  in  a  wide  range  of  metabolic  rates;  these  vary 
by  about  one  order  of  magnitude.  Thus  the  cooling  system 
requires  the  capability  to  adapt  quickly  to  a  wide  range  of 
heat-removal  rates. 

.” Limited  heat-transfer ~ modes. The  heat-transfer  modes  which 
are  available  for  thermal  regulation  of  the  body  in  the 
terrestrial  environment  are  almost  completely  eliminated 
in  the  space  suit  environment.  Radiative  heat-transfer  may 
be  essentially  eliminated  for an astronaut  dressed in  a 
thermally  insulated  suit.  Natural  convective  heat  transfer 
mode  loses  its  effectiveness  at  reduced  gravity  and  at  the 
lower  ambient  pressure  within  the  space  suit.  Latent  heat 
of  evaporation,  one of the  most  important  thermoregulatory 
mechanisms, is seriously  impaired  as  sweating  must  be  severely 
restricted  within  the  suit  for  reasons  of  comfort  and  con- 
taminants  control.  The  cooling  system  must  rely,  therefore 

~~ 



on o t h e r  methods of h e a t   t r a n s p o r t  and h e a t   r e j e c t i o n .  

These  are some of t h e   s e v e r e s t   l i m i t a t i o n s  imposed  on 
the   coo l ing   sys t em by t h e   p e c u l i a r i t i e s   o f   t h e   s p a c e   e n -  
vironment. These l imi ta t ions  a r e   i n   a d d i t i o n  t o  such 
u s u a l   r e s t r i c t i o n s  on space  hardware as l imi ted   weight ,   bu lk  
and  power requirements   and  the demand for maximum r e l i a b i l i t y .  

Numerous schemes  have  been  proposed t o  answer the problem 
of   cool ing a man i n   s p a c e .  Most of  these  methods  require 
fur ther   improvements ,   opt imizat ion and r e f inemen t s   t ha t  
r e sea rch  on the u n i v e r s i t y   l e v e l  may be able to   p rov ide .  
This report   examines a f e w  of  the more promising  methods 
p roposed   t o   da t e   and   po in t s   ou t   t he   a r eas   i n  which more 
work needs  to  be  done. 

1.1 Sys t e m  Requirements 
The hea t -ba l ance   fo r   t he  human body i s  given by 

Qme t - Qw + Qe f Qs f Qc f QR f Qstorage (1-1) 
- 

where Qme = metabol ic   hea t   p roduct ion  rate 

QW 

Qe 

QS 

QC 

QR 

= e x t e r n a l  work r a t e  

= h e a t   t r a n s f e r   r a t e  due' t o  t he  evaporat ion  of  
sweat from t h e  body s u r f a c e  

= n e t  s ens ib l e  h e a t  transfer r a t e  due t o  
convec t ion   and   resp i ra t ion  

= heat t r a n s f e r   r a t e  due to   conduct ion  

= n e t   r a d i a t i v e   h e a t   t r a n s ' f e r   r a t e  

I n  the space  environment Qe, Qs,  and Qc end up as i n p u t s   i n t o  
the  cool ing  system  and may be des igna ted   as  Qthermal control 

Qtherrnal   control  - Q m e t  - Qw ' QR Qs to rage  (1-2) 
- 

2 



I 

While small heat   s torage  changes  can  be tolerated f o r  
l i m i t e d   p e r i o d s   o f  t i m e ,  con t inuous   s t eady- s t a t e   ope ra t ion  
r e q u i r e s  t ha t  Qstorage must  be  zero.  Thus, 

' thermal  control - Q m e t  - Qw 5 QR 
- (1- 3 1 

The "p lus"   s ign   on  Q a p p l i e s   i n   c a s e   o f   n e t   h e a t   t r a n s f e r  
f rom  space  into the s u i t .  

R 

It has been  found' t ha t  t h e  metabol ic  cost i n c r e a s e s  
v e r y   s i g n i f i c a n t l y  when work is performed i n  a p r e s s u r i z e d  
so f t   non-cons tan t  volume j o i n t   s p a c e   s u i t ,  and Qw is  neg l i -  
g i b l e  compared t o  Qmet; fur thermore,  a l a r g e   p a r t  of the 
increased   energy   ou tput  i s  expended  on  moving the s u i t ,  and 
therefore, t h e  heat generated  remains  in  the  system. Con- 
sequent ly ,  no allowance  should be made f o r  work o u t p u t   i n  
formulat ing a conse rva t ive   e s t ima te   o f  t h e  requi red   hea t -  
removal c a p a b i l i t y  of the cooling  system: 

- 
Qthermal c o n t r o l  - Q m e t  - " QR 

Metabolic R a t e  

(1-4 

Metabol ic   heat-generat ion rate depends  on many f a c t o r s  
such  as  body mass, body sur face   a rea ,   deep  body tempera- 
t u r e ,   r e s t r i c t i o n   o f   c l o t h i n g   a n d , o f   c o u r s e ,   t y p e   o f  
a c t i v i t y .  T a b l e  1-1 shows a  number o f   t yp ica l   me tabo l i c  
rates f o r   v a r i o u s   a c t i v i t i e s .  

A sof t   non-cons tan t  volume j o i n t   s p a c e   s u i t   p r e s s u r i z e d   t o  
3.5 p s i  w i l l  i n c r e a s e  t h e  metabol ic  rate i n  some cases 
by 178-367 p e r c e n t   r e l a t i v e   t o  the same a c i t i v i t y   i n   n o r -  
m a l  c l o t h i n g  . Table 1-2 shows the values   of   metabol ic  
rates obta ined  whi le  performing treadmill e x e r c i s e   i n  a 
1-g  and  simulated 1/6-g  environment^^^, w i t h  the s u i t   p r e s -  
s u r i z e d   t o  3.5 p s i  above  ambient. 

8 
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TABLE 1-1: 
TYPICAL METABOLIC HEAT EXPENDITURES 8 , 2 5  

Act ivi ty  

S l e e p i n g  man 
s i t t i n g  a t  rest 
s t a n d i n g  relaxed 
Instrument  l and ing ,  DC-4 
S l o w   w a l k i n g  

Walking a t  2 .5  mph on f l a t  surface 
Walking a t  3 .75  mph 
Swimming 
V e r y  severe exercise 
EVA (Gemini 9 ) 

~~ 

Metabolic Rate, B t u / h r  

300 
400 
500  

590 
900 

1 0 0 0  
1300  
2200  
2600 

3000 

m 

TABLE 1-2 : 

METABOLIC  RATE - WALKING I N  A-5-L SPACE SUITL'  

Metabolic Rate, B t u / h r  

g level  Res t ing  S u i t  Mode 

Vent i la ted  348 .2k25 .4  
I P r e s s u r i z e d  1 "" I 

1/6-g on 
P r e s s u r i z e d  i nc l ined  plane 

V e n t i l a t e d  

1/6-g on 
"" P r e s s u r i z e d  6 DOF* gimbal 

279.0k40.0  Vent i la ted  I 
1 mph 4 mph 

767+117  

1346k317  558+112  
739k  89 412-+54 

"" 1164k164  

"" 

737k122  695-+195 
487k65 401k90 

* Degrees of Freedom 

4 



Based   on   these   resu l t s ,  as w e l l  as on p a s t   e x p e r i e n c e  w i t h  
EVA, a conserva t ive  estimate for  the  me tabo l i c   hea t  rate 
points   towards Qman varying  between 300-2500 Btu /hr  w i t h  
occas iona l   " sp ikes"   reaching  3500 B t u / h r   f o r   s h o r t   p e r i o d s  
of t i m e .  

Radiat ive Heat Trans fe r  

The n e t   r a d i a t i v e   h e a t   t r a n s f e r   b e t w e e n  a s p a c e   s u i t  and 
i t s  environment   depends,   natural ly ,   on the na tu re   o f   t he  
thermal  environment. The heat exchange  taking  place among 
a n   a s t r o n a u t   i n   e a r t h - o r b i t ,  h i s  spacecraf t   and  deep  space 
depends, among o t h e r   f a c t o r s ,  on the radius   of  t h e  o r b i t  
and I ts  o r i e n t a t i o n  (see Sec t ion  4 . 2 )  and w i l l ,  of   qourse,  
be q u i t e   d i f f e r e n t  from the rad ia t ive   hea t -exchange   for  
the same as t ronaut   on  the  l u n a r   s u r f a c e   o r   i n s i d e  a l u n a r  
c r a t e r .   I n   g e n e r a l ,  t h e  n e t   r a d i a t i v e  heat exchange is  a 
func t ion   o f  the s u r f a c e  area of t h e  s p a c e   s u i t ,  i t s  ther- 
m a l  c h a r a c t e r i s t i c s   ( s u c h  as surface  emit tance  and  absorp-  
t a n c e ) ,  the  f o u r t h  power of t h e  a b s o l u t e   e f f e c t i v e  t e m -  
pe ra tu re s   o f  t he  s u i t   s u r f a c e  and the  e x t e r n a l  heat source  
and t h e  o r i e n t a t i o n   o f  t h e  a s t r o n a u t  w i t h  r e s p e c t   t o  this 
source.  A n  "equivalent   network"  analysis   can be performed 
to   de t e rmine  the  n e t   h e a t   t r a n s f e r  between  two o r  more bodies .  
A s  a conse rva t ive   f i gu re  which i s  a p p l i c a b l e   t o  a w i d e  range 
of   condi t ions  a value  of  QR varying  between +250 Btu/hr  and 
-350 B tu /h r  i s  accepted as a safe requirement  imposed  on 
the  thermal cont ro l   sys tem 2 0 , 2 8  (see a lso   Sec t ion   3 .3   o f  
this Repor t ) .  

38 

A d d i t i o n a l   P a r t i t i o n  of Thermal  Loads 

Qmetabolic 
w i t h  average va lue  of 2000 Btu/hr   and  short-durat ion 
"sp ikes"   reaching  3500 Btu /hr .  Qradiation w a s  t aken  as 
ranging f r o m  250 B t u / h r   i n p u t   i n t o   t h e   s p a c e   s u i t  
f rom  ex terna l  heat sources  t o  350 Btu/hr heat loss 

w a s  found  above t o  range  from 300 t o  2500 Btu/hr,  

5 

. . . .. 



from t h e   s u i t .   I n   a d d i t i o n ,  t he  space s u i t  system  contains  
various  equipment  such as communications  and  accessories 
( c i r c u l a t i o n  pump, fan  e tc . ) .  The heat output   o f  these 
sources  w a s  es t imated2*  no t   to   exceed   125   Btu /hr .  The t o t a l  
capac i ty  of t he  thermal regula tory   sys tem  should   then   be  
2875 B tu /h r ,  as shown i n   F i g u r e  1-1. 

-350<  Q <250 300< CQ < 2 5 0 0  Q t125 

11 Thermal Control  Sys t e m  

CQ ~ 2 8 7 5   B t u / h r  

Figure 1-1: Thermal Control  Requirements 

6 



In   genera l ,   the   fo l lowing   requi rements  are imposed20 
the  thermal   control   subsystem: 

Space 
EVA 

Mission  durat ion (maximum), h r  
Emergency o p e r a t i o n ,   h r  
Average  metabolic ra te ,  Btu/hr 
Sus ta ined  maximum metabol ic  rate, Btu/hr 
Metabol ic   sp ikes ,   Btu /hr  

Spikes   dura t ion ,  min 
Emergency average MR, Btu/hr 
Emergency maximum MR, Btu/hr 
Maximum e x t e r n a l   h e a t   l o a d s :  

Input ,   Btu/hr  
Loss, B tu /h r  

Total   mission  load  capabi l i ty ,   Btu 

4 

0.5 

2000 

2500  

3500  

1 0  

2000 

2500 

+250 

-350 

9000 

In   add i t ion ,   t he   sys t em is  subjected t o   t h e   g e n e r a l  
imposed on a l l  space  hardware,  such as: 

1. The system  must be reliable. 

on 

Lunar 
EVA 

5 

2 
1600 
2500  
" 

" 

1 6 0 0  

2500 

+250 
" 

1 1 2 0 0  

requirements 

2. The sys tem  has   to   be   compat ib le   wi th   the   space  s u i t .  
3. Capab i l i t y   fo r   r echa rg ing   i n   space  i s  requi red .  



1.2  R e s t r i c t i o n s  
~ ~~ 

The the rma l   con t ro l   sys t em  mus t   fu l f i l   t he   r equ i r emen t s ,  
as s t a t e d   i n   S e c t i o n  1.1, w h i l e   s u b j e c t e d   t o   c e r t a i n  
c o n s t r a i n t s .   T h e s e   r e s t r i c t i o n s  s t e m  f rom  considerat ions  of   both 
the   as t ronaut ' s   comfor t   and   sa fe ty   and   the   space-vehic le ' s  
l i m i t a t i o n s .  The sys t em  the re fo re   has   t o  remove h e a t  from 
the a s t r o n a u t ' s  body a t  acceptable   temperature  levels and 
a t   t h e  same t i m e  conform t o   t h e  demand f o r  minimum bulk ,  
weight  and  power  requirements. 

Comfort 

Severa l   comfor t   ind ices   have   been   proposed   to   da te ,   such  
as t h e  ASH= Comfort   Chart ,   operat ive  temperature   or  
t h e  P S 4 R  index 8 1 2 9 .  Most of   the  work done i n   t h i s   f i e l d ,  
however,  has  been air-crew oriented  and  does  not   apply 
d i r ec t ly   t o   space - su i t   o r   r educed-g rav i ty   env i ronmen t s .  

The Evaporat ive  Capaci ty   Comfort   Cri ter ion8,  f i rs t  developed 
by C.E.A. Winslow i n  1 9 3 7 ,  relies on the  body's   thermoregulatory 
mechanism in   u s ing   t he   swea t - r a t e ,   conve r t ed   t o   pe rcen tage  
of maximum evapora t ive   capabi l i ty   under   the   g iven   condi t ions ,  
as   the  comfort   index.   This   index,   therefore ,  i s  d i r e c t l y  
a p p l i c a b l e   t o  a l l  envi ronments .   Natura l ly ,   the  maximum 
evaporat ive  capabi l i ty   depends on the  environmental   parameters  
and   t he   na tu re   o f   hea t   t r ans fe r  modes which a r e   a v a i l a b l e .  
Figure 1 - 2 ,  fo r   example ,  shows the   r e l a t ion   be tween  mean 
skin  temperature   and  metabol ic  ra te  when the  pr imary mode 
of heat t r a n s f e r  i s  by conduction (as by a l i q u i d   c o o l e d  
garment) .  

Mean sk in   t empera ture  i s ,  as t h e  name i m p l i e s ,   t h e   l o c a l  
s ,kin  temperature   averaged  over   the body s u r f a c e  area. Local 
sk in   t empera tu res   va ry   g rea t ly  among d i f f e r e n t  body r eg ions ,  

8 
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as T a b l e  1-3 i l lus t ra tes .  

TABLE 1-3: 
S K I N  TEMPERATURE AND HEAT LOSS DISTRIBUTIONS 

FOR THERMALLY  COMFORTABLE MAN AT REST9 

Region Fraction of Heat Frac t ion  of Skin 
T e m p e r a t u r e  , O F  Loss per U n i t  Area, %/m2 H e a t  L o s s ,  % 

______ 

Head 

1 5 8 . 5   1 4 . 9 6   8 3 . 2 3  Hands 
8 .04   87 .24  Forearms 
7 .85   91 .20  A r m s  

7 2 . 1   9 . 3 5   8 3 . 2 8  Feet 
1 3 . 6 4  87 .24  C a l v e s  

1 1 . 2 0   9 1 . 2 0  T h i g h s  

7.76 9 4 . 0 8  B u t t o c k s  

1 1 . 6 0   9 4 . 0 8  Back 

4 .20   94 .08  Abdomen 
7 . 6 6   9 4 . 0 8  Chest  

2 8 . 3   3 . 7 4   9 4 . 0 8  

45.9 

1 42.3  

1 62 .6  

M e  an 9 1 . 2 0   T o t a l :  100 .00  

(It shou ld  be noted t h a t  this d i s t r i b u t i o n  of s k i n  
temperatures may change s i g n i f i c a n t l y  when thermal 
stresses are present . )  1 

T h e  c o n s t r a i n t  on acceptable s k i n  temperature must, therefore,  
inc lude  a t  least  three parameters: Mean s k i n  temperature as 
required f o r  comfort, p l u s  maximum and minimum values f o r  
local  s k i n  temperatures: these are u s u a l l y  se t  a t  104OF 

(4OOC) and 68OF (2OOC) , respectively . 3 

1 0  



Other  Consider 'at ions 

I n   a d d i t i o n   t o   t h e  demand f o r  a comfortable  thermal  environment 
f o r  the  EV a s t r o n a u t ,   t h e  crew's s a f e t y  and the space   veh ic l e  
l i m i t a t i o n s  must  be  taken  into  account.   This  imposes on 
the thermal con t ro l   sys t em  add i t iona l   r equ i r emen t s ,   such   a s :  

1. 

2. 

3 .  

4.  

5. 

Total  weight,   bulk  and power requirements  should be 

minimized. 
System  components  must be stowed  aboard  the  space- 
c r a f t  when n o t   i n   u s e .  
Weight and volume  of  expendable  and  non-reusable 
components  should be k e p t   t o  a m i n i m u m .  
Toxic  and  combustible  materials  should be avoided. 
When i n  ope ra t ion  the  i n t e r f e r e n c e  of the thermal 
con t ro l   sys t em w i t h  the  a s t r o n a u t ' s   a c t i v i t i e s   s h o u l d  
be minimal. 

1 .3  Configurat ion 

From the   fo rego ing   d i scuss ion  i t  seems obvious   tha t  the 
thermal   cont ro l   sys tem  should   per form  four   d i f fe ren t  tasks: 

1. Decouple the astronaut   f rom t h e  ex terna l   thermal   envi ron-  
men t . 

2. Absorb excess   hea t  from the  as t ronaut ' s   body.  
3 .  Transpor t  the absorbed  heat  away from the body. 
4 .  Reject the h e a t   t o  a hea t -s ink .  

Most of the thermal c o n t r o l  schemes which have  been  proposed 
t o  date c o n s i s t   o f  a hea t - t ranspor t   subsys tem which absorbs 
the hea t   gene ra t ed  by the   a s t ronau t   and   t r anspor t s  it t o  
a heat   exchanger ,   and  another   subsystem which rejects the  

h e a t  t o  an i n t e g r a l   h e a t   s i n k   o r   t o   s p a c e .  The funct ion  of  
decoupling the  astronaut   f rom ' h i s  thermal  environment is 
assumed  by the  thermal i n s u l a t i o n   l a y e r s   b u i l t   i n t o  the  s u i t .  

11 
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H e a t  c o l l e c t i o n  and  transport   schemes are d e s c r i b e d   i n  
Chapter I1 of th i s   Repor t ,   and   hea t   r e j ec t ion   sys t ems  
in   Chap te r  111. Also, a number of thermal c o n t r o l  schemes 
have  been  proposed i n  which the same subsystem  performs 
both  funct ions,   absorbing  excess   heat   f rom the a s t r o n a u t ' s  
body and r e j e c t i n g  it; these are desc r ibed   i n   Chap te r  I V  

as   i n t eg ra t ed   sys t ems .  

It should  be  noted t ha t  it g e n e r a l l y  is  v e r y   d i f f i c u l t ,  
i f  no t   imposs ib l e ,   t o   dev i se   " abso lu te ly   op t ima l "   sys t ems ,  
and the rma l   con t ro l   sys t ems   a r e  no e x c e p t i o n   t o   t h i s   r u l e .  
An important  set of  parameters i n  op t imiza t ion  is  mission 
type   and   miss ion   prof i le ,  and a system  which looks very 
promising  for   one class of  EVA missions may be t o t a l l y  
inadequate   for   another .   This  i k  why promising  concepts 
of  environmental   control  schemes are descr ibed  i n  this 

Repor t   wi th   the i r   respec t ive   advantages  and disadvantages.  
When s e l e c t i n g  a system for  a p a r t i c u l a r  mis s ion  it is  
the  trade-off  between  these  advantages  and  disadvantages 
tha t   shou ld  be t aken   i n to   cons ide ra t ion .  

1.4 Recommendations for   Univers i ty   Research  

a .  

b. 

C. 

d. 

Better understanding of human thermal   processes  and 
h e a t   b a l a n c e   a s   a p p l i c a b l e   t o   s p a c e  i s  needed. 

Better p r e d i c t i o n   c a p a b i l i t y  of m e t a b o l i c   r a t e s   a s  
a s s o c i a t e d  w i t h  EVA a t  reduced  gravi ty   should be 

developed ,   bo th   for   sof t ,   hybr id ,  and h a r d   s u i t s .  

Determine   acceptab le   sk in   t empera tures   d i s t r ibu t ions  
and  deep-body h e a t   s t o r a g e  limits in  space  environments .  

Develop  comfort c r i t e r i a   a p p l i c a b l e  t o  EVA under 
d i f f e r e n t   h e a t - t r a n s f e r  modes. 

12 
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11. HEAT TRANSPORT. SYSTEMS 

S e v e r a l   d i f f e r e n t  methods  have  been  developed t o   a b s o r b  heat 
from the a s t r o n a u t ' s  body  and  t ransport  i t  t o  a heat exchanger. 
They employ the  whole  spectrum  of available h e a t   t r a n s f e r  
modes. Some were deve loped   fo r   so f t   space  s u i t s ,  some 
with  the  constant-volume  "hard shell" c o n c e p t   i n  mind,  and 
some are compatible   with  both  types.  

2 . 1  G a s  V e n t i l a t i o n  Loop 

V e n t i l a t e d   s u i t s  were o r i g i n a l l y   d e v e l o p e d   f o r  a i r -  
crews opera t ing   convent iona l  a i rc raf t .  T h e  thermal loads  
which are encountered  under  such  operating  conditions are 
subs t an t i a l ly   l ower   t han  the loads   p re sen t   du r ing  EVA. 

Indeed, the Gemini 9 EVA had t o  be aborted  because  of  
i n s u f f i c i e n t   c o o l i n g   c a p a b i l i t y   o f  the  s p a c e   s u i t .  

Neve r the l e s s ,   ven t i l a t ion   coo l ing   mus t  be considered.  A 

s p a c e   s u i t  must be v e n t i l a t e d ,   q u i t e   a p a r t  from  temperature 
control   considerat ion,   both  because  of   contaminant   control  
requirements  and i n   o r d e r   t o  remove sens ib l e   and   i n sens ib l e  
water  from t h e  s u i t  

Forced-convection heat t r a n s f e r  ra te  i s  given by 

1 9 , 2 1  

29  

Qc = hcA (TS TV,) 

where hc = c o n v e c t i v e   h e a t - t r a n s f e r   c o e f f i c i e n t ;  t h i s ,  

i n   g e n e r a l ,  i s  a func t ion   of  t h e  v e n t i l a t i n g  
gas flow ra te ,  thermal p rope r t i e s   o f  t he  gas 
and  body  geometry. 

A = s u r f a c e  area 
T = v e n t i l a t i n g  gas i n l e t   t e m p e r a t u r e  
vg 
Ts = mean sk in   t empera ture  

13 



I n   a d d i t i o n ,  i f  t h e  H20 v a p o r   p r e s s u r e   i n   t h e   v e n t i l a t i n g   g a s  
i s  less than  the s a t u r a t i o n   p r e s s u r e  a t  sk in   t empera tu re  
t h e r e  w i l l  be   evapora t ive  mode of h e a t   t r a n s f e r   p r e s e n t ,  
due t o   t h e   e v a p o r a t i o n   o f  sweat. The  rate of evapora t ive  
h e a t   t r a n s f e r  i s  given by 2 9  

where WH i s  t h e  ra te  of  water (sweat) evapora t ion  and 

h i s  t h e  en tha lpy   of   vapor iza t ion  a t  sk in   t empera ture ,  

-1050 Btu/lb.  WH20 i s  a f u n c t i o n   o f   v a p o r   d i f f u s i v i t y ,  

vapor   pressure a t  the s k i n   s u r f a c e   a n d   i n   t h e   v e n t i l a t i n g  
g a s ,   t o t a l   p r e s s u r e   o f   t h e   v e n t i l a t i n g   g a s ,  i t s  temperature 
and t h e   t h i c k n e s s  of the   boundary   l ayer  29. The combined 
effect of   convect ion  and  evaporat ion  can be reduced t o  a 
rather s imple  expression when the  fol lowing  assumptions 
are made: 

2 0  

f g  

1. The v e n t i l a t i n g   g a s  i s  dry a i r  a t  3.5 p s i a .  
2. The a s t r o n a u t  i s  thermally  comfortable.  
3 .  Only small amounts  of  sweating are p r e s e n t  (less than  

0 . 2 2  lbs/hr). 

Under these   cond i t ions  the  v e n t i l a t i o n  hea t  t r a n s f e r  rate 
is  given by 

Q = 0 . 2 4  X 60 ( T  
V S I C  - Tvg) wv (2-3) 

where Qv = heat  removal ra te ,  Btu/hr 

Ts ,'C 
= sk in   t empera tu re   r equ i r ed   fo r   comfor t I0F  

T = v e n t i l a t i n g   g a s   i n l e t   t e m p e r a t u r e ,  OF 
vg 
Wv = v e n t i l a t i n g   g a s  mass flow rate , lb/min 

14 



Configurat ion 

Pas t   space  s u i t s  (MERCURY and G E M I N I )  r e l i e d   s o l e l y  on 
v e n t i l a t i o n  by a c i r c u l a t i n g  gas a s  a means of  heat  removal 
from t h e   a s t r o n a u t ' s  body. I n   t h e s e  s u i t s  t h e   g a s   e n t e r s  
through a s e l f - s e a l i n g  i n l e t  connection i n  t h e  s u i t ' s  t o r s o  
s e c t i o n .  A mani fo ld   sys t em  duc t s   t he   gas   t o   t he   boo t s ,   g loves  
and  helmet. The gas   then   f lows   back   over   the   l egs ,  arms and 
t o r s o  and  removes  metabolic  heat (see Figure  2-1) .  A p o r t i o n  
o f   t he   ven t i l a t ing   gas   pas ses   t h rough   an   i n t eg ra l   neck   r i ng  
.and i s  d i r ec t ed   ac ross   t he   v i so r   t o   r educe   fogg ing  and t o  
provide  breathing  oxygen and  remove CO,. The r e s u l t i n g   g a s  
mixture  of 
ducted  out  

B a s i c a l l y ,  
changed i n  
of  primary 

L 

w a r m  oxygen,  carbon  dioxide  and water vapor is 
of t h e  s u i t  a t  a t o r s o   o u t l e t   f i t t i n g .  

t h i s   pa t t e rn   o f   ven t i l a t ing   gas   f l ow  has   no t   been  
more  advanced s u i t s  which  depend  on  other means 
heat  removal.  

I n  tests performed 8'28 w i t h   v e n t i l a t e d  G E M I N I  and e a r l y  
APOLLO s u i t s  it w a s  found t h a t   t h e   r a t e   o f   h e a t   r e m o v a l ,  
cons is ten t   wi th   gas   t empera tures  and  flow rates acceptab le  
from the  s tandpoint   of   comfort ,   could  not   exceed 750-900 Btu/hr. 
Figure 2-2,  f o r   i n s t a n c e ,  shows t h e   r a t e   o f   h e a t  removal  of 
an   ea r ly  APOLLO gas-cooled  pressure s u i t  a t  3.5 p s i  and  gas 
flow ra te  of 1 5  cfm,  versus  metabolic ra te .  

It  w a s  th i s   inadequacy   of   the   gas- loop   cool ing   technique ,  
combined wi th  i ts  h i g h   s p e c i f i c  power r equ i r emen t s ,   t ha t   l ed  
t o   t h e   c o n c e p t  of l iqu id- loop   cool ing  as the   p r imary  method 
o f   me tabo l i c thea t   co l l ec t ion ,   i n   con junc t ion   w i th  a gas  loop 
for   humidi ty   and  contaminant   control .  A t  p r e sen t ,   t he   sys t em 
requirement i s  a c o l l e c t i o n   r a t i o   o f   a p p r o x i m a t e l y  80/20 15,21 
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I n t e g r a t e d   v e n t   p a s s  
through  helmet 
disconnect   neck  bear ing 

Vent i n l e t  

Vent o u t l e t  

I n t e g r a t e d  v e n t  pass  
through  glove 
d isconnec t  w r i s t  bea r ing  

F igure  2-1 :  Ven t i l a t ion   C i s t r ibu t ion   Sys t em 
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2 . 2  Liquid Loop 

Power r e q u i r e m e n t s   f o r   h e a t   t r a n s f e r  may be obtained 
approximately  from 

Heat t r a n s f e r r e d  AT 

Power r equ i r ed  AP 
= 2500 - 

where AT = t empera ture   g rad ien t ,  OC 
AP = pres su re   g rad ien t ,   p s f  

p = c o o l a n t   d e n s i t y ,   l b / f t 3  

P 
C = coo lan t   hea t   capac i ty ,   B tu / lb°F  

As PCplH20 = 6 2  Btu / f t3 'F ,  p C  3 = 0.0045 Btu / f t3 'F ,  it i s  O2 
c l e a r   t h a t   t h e  power requi rement   for  a given  heat  removal 
r a t e  a t  g iven   tempera ture   and   pressure   g rad ien ts  is by t h r e e  
o r   f o u r   o r d e r s  of magni tude  larger  for  an  oxygen-loop  system 
t h a n   t h e  power requi rement   for  a comparable  water-loop  system 
(water i s  t h e  most l i k e l y   h e a t - t r a n s p o r t   f l u i d   b e c a u s e  of 
i t s  good h e a t   t r a n s p o r t   p r o p e r t i e s ,  i ts a v a i l a b i l i t y  and l ack  
o f   t o x i c i t y  ) .  An a d d i t i o n a l   a d v a n t a g e   t h a t   l i q u i d   c o o l i n g  
has   over   gas   cool ing i s  t h e   s u p r e s s i o n  of thermal  sweating  and 
the reby   t he   e l imina t ion   o f   dehydra t ion   e f f ec t s  . 

8 

16 

Water-cooled s u i t  w a s  f i r s t  developed i n  Farnborough,  England, 
by the   Br i t i sh   Roya l   A i rc ra f t   Es t ab l i shmen t '   f o r   u se  by a i r  
crews. It cons i s t ed  of 4 0  v inyl   tubes(0D 1/8  i n . ,  I D  1 / 1 6  i n . )  
each 4-6 f e e t   l o n g .  The tubes  were a t t ached  t o  an  undergarment 
which  maintained them i n   c o n t a c t   w i t h   t h e   s k i n .   D e s i g n   f a c t o r s  
o f   t h i s   f i r s t   s u i t  and a number of  subsequent  developments are 
g iven   in   Table  2-1. 
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TABLE 2-1: 
1 6  

LIQUID-COOLED GARMENT D E S I G N  FACTORS 

I 
. _____ 

I I 
_ _ _ ~  "~ "" .~ - 

I 

" 

Model T o t a l   t u b e  
l e n g t h ,  f t  Garmenta 1 Tube b 

p a t t e r n  

CG1 

E ST 48 30 0 CGlO 

CN M 48 300 CG3A 

M 4 0  267  CG2 

F N  40  , 232 

"_ 

Water 
i n l e t '  

EX 

EX 

EX 

W 

a CN = c o t t o n   n e t :  E = e l a s t i c  

F N  = fo l lows   ne t :  M = meanders: ST = s t r a i g h t  

EX =. e x t r e m i t i e s  (wrists & ankles)  : W = waist  
r e t u r n   o u t l e t  has always  been a t  wais t  

The performance  equation  of t h e  wa te r - coo led   su i t  was given 9 

a s  

6 = C ~ ( 3 3  - Ti) 
P (2-5) 

E = 1 - exp (-AU/mC 1 
P 

where Q = cool ing  ra te ,  Kcal/hr 

m = coolant   f low r a t e ,  Kg/hr 

P 
C = coo lan t   spec i f i c   hea t ,   c a l /gm°C 
T~ = c o o l a n t   i n l e t   t e m p e r a t u r e ,  O C  

E = s u i t   e f f e c t i v e n e s s  
A = t o t a l   w e t t e d  area of t h e  s u i t ,  c m 2  
U = o v e r a l l   h e a t   t r a n s f e r   c o e f f i c i e n t   o f  t h e  tub ing ,  

Kcal/cm2hr OC 

The equat ion  was based  on t h e  assumption  of   constant   skin 
temperature   of  33OC. This  assumption,  however, has s ince   been  shown 
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i n  a later s tudy  t o  b e   u n j ~ s t i f i e d ~ ~ ;  mean sk in   t empera ture  
was shown t o   d e c r e a s e   w i t h   i n c r e a s i n g   m e t a b o l i c  rate i f  t h e  
s u b j e c t  i s  t o  be thermal ly   neut ra l   (comfor tab le   and   persp i r ing  
a t  less than  1 0 0  gm/hr; see a l so   F igu re  1-2) . This ,  of  course,  
was t o   b e   e x p e c t e d  i f  t h e  human body is assumed t o  o f fe r  a 
cons t an t  thermal r e s i s t a n c e  . 
It was a l s o  shown34 tha t   the   hea t - removal  rate of a l i q u i d -  
cooled  garment i s  p r i m a r i l y  a func t ion  of t h e   i n l e t   c o o l a n t  
temperature and i s  re la t ive ly   independent   o f  the coolant   f low 
rate .   Consequent ly ,  LCGs o f f e r   a n   a t t r a c t i v e  method of heat 
c o l l e c t i o n ,  combining   e f f ic iency   wi th   ease   o f   cont ro l l ing  
the  hea t   removal   ra te .  

8 

Although the LCG model i n  which the  c o o l a n t - f i l l e d   t u b e s  
a r e  i n  direct  c o n t a c t  w i t h  the  s k i n  seems t o  be d e s i r a b l e ,  
d i f f e r e n t  schemes of l iquid-cool ing  have  been  reported i n  
the past 8'26 32. These schemes r e l y  on convec t ive   hea t  
t r a n s f e r  by a c i r c u l a t i n g  gas o r  on r a d i a t i v e   h e a t   t r a n s f e r  
fo r   t r anspor t   be tween   t he  body s u r f a c e  and the c o o l a n t ,  which 
c i r c u l a t e s  i n  tubes a t t a c h e d   t o  t h e  i n t e r i o r   o f  the space - su i t  
wa l l .   Hea t   t r ans fe r  takes place  through a l a rge   pe rcen tage  
of the  t o t a l   t u b e - w a l l   a r e a ,  as opposed t o  the s m a l l   p o r t i o n  
of the tubes' s u r f a c e   a r e a   t h a t   c a n  come i n  direct con tac t  
w i t h  t h e  s k i n  i n  the conduc t ive   hea t   t r ans fe r  method. I t  

should be noted,   however ,   that  w h i l e  removing the  co ld  tubes 
from the  a s t r o n a u t ' s  s k i n  may have some merits, from the  

s tandpoin t   o f  thermal e f f i c i ency   a lone   t he   conduc t ion   t echn ique  
i s  s u p e r i o r  by f a r   t o  either convec t ion   o r   r ad ia t ion .  

While a l i q u i d   l o o p   r e q u i r e s  less power than  a ven t i l a t ing -gas  
l o o p   a n d   l i q u i d   c o o l a n t s   i n   g e n e r a l   ( a n d   w a t e r   i n   p a r t i c u l a r )  
have   h igh   spec i f i c  heats, t h i s   t e c h n i q u e   o f   h e a t   t r a n s p o r t  i s  
n o t  free of  disadvantages.   Liquid  coolant  must be kept  from 
f r e e z i n g ,   t h u s   l i m i t i n g  the ava i l ab le   t empera tu re   g rad ien t s  
i n   t h e  heat exchanger.   Additives which lower t h e  c o o l a n t ' s  
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freezing  point  are  available,  but  some of them  are  toxic; 
Also,  they  lower  the  coolant's  specific  heat  as  well. 
Precautions  must be taken to prevent  aeration of the  liquid 
coolant, or cavitation  and loss of efficiency  in  the 
circulation-pump  may  result. 

2.3 Heat  Pipes 

Gas  ventilation  and  liquid-loop  cooling,  discussed 
previously,  share  a  common  disadvantage:  both  require  auxiliary 
equipment  such as manifolds,  connectors,  fan-and-motor  or 
pump  and,  above  all,  a  power  source,  all  of  which  add  to  the 
weight and complexity of the  life-support  system. An 

attempt  to  overcome  this  disadvantage  was  made  with  the 
development of the  space-suit  applicable  heat-pipe. 

A heat-pipe  is  a  device  which  transports  heat  by  means of a 
closed  evaporating-condensing  cycle.  Schematically  it  can  be 
conceived  as  a  hollow,  hermetically-sealed  container  (see 
Figure 2-3) the  inner  wall of which is lined  with  a  capillary 
wick  which, in turn,  is  soaked  with  some  suitable  liquid 
(the  working  fluid) . 
Vapor is produced  at  the  evaporator end..The vapor  flows  to 
the  condenser  end  where it condenses,  giving  up  the  heat  of 
vaporization.  The  liquid  then  returns  to  the  evaporator  end 
through  capillary  action  along  the  wick  lining. 

The  rate of heat  flow  in  the  heat-pipe -- its  "conductivity" -- 
can  be  controlled  if  a  modification  is  incorporated  in  the 
device,  as  shown  in  Figure 2-4.  This  results in what  essentially 
is  a  "variable  conductance"  capability. 

The  integration of heat  pipes  into  a  space  suit  system  as  a 
means  of  heat  absorbtion  and  transport  from  the  astronaut's 
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s k i n  t o  a heat s i n k  was r e c e n t l y   i n v e s t i g a t e d  32'33. The con- 
c e p t  as g e n e r a t e d   i n  this p a r t i c u l a r   i n v e s t i g a t i o n   a p p l i e s  
mainly t o  mechan ica l ly   p re s su r i zed   ha rd - she l l   su i t s ,  and 
t h i s   t y p e   o f   s u i t  seems t o  have  too many drawbacks t o  be 
w o r t h   f u r t h e r   d e ~ e l o p m e n t ~ ~ .  Y e t ,  the heat-pipe  concept ,  
mod i f i ed   t o   be   compa t ib l e   w i th   gas -p res su r i zed   so f t   o r   ha rd  
s u i t s ,  may w e l l  prove t o  be  of   value as a secondary  heat  
t r anspor t   sys t em,   t he   func t ion   o f   wh ich  is  t o   a l l e v i a t e  t he  

hea t   loads   imposed   on   the   p r imary   sys tem  in   o rder   to   reduce  
t h e   t o t a l  power requirement and evaporant   expendi ture  (see 
Sec t ion  4 . 2 )  . 
A schemat ic   representa t ion  of a hea t -p ipe   sys tem  in tegra ted  
i n t o  a h a r d - s h e l l   s u i t  i s  g iven   in   F igure   2 .5 .  Th i s  p a r t i c u l a r  
design makes use   o f  two d i f f e ren t   hea t   p ipe   sys t ems   a r r anged  
i n  series: a " f ixed   conductance"   f lex ib le   hea t   p ipe   absorbs  
h e a t  from t h e  body s u r f a c e  and t r a n s m i t s  it t o  t h e  s u i t ' s  
p r e s s u r e  shell.  There, t h e   h e a t  i s  conducted  across  t he  shell  
t o  a r igid  ' 'var iable   conductance"  type  pipe which bypasses 
t h e   t h e r m a l   i n s u l a t i o n   o f   t h e   s u i t  and t r a n s p o r t s  the h e a t  
t o  t h e   s u i t ' s   o u t e r   s h e l l ,  where it is  r e j e c t e d   e i t h e r  by 
r a d i a t i o n   o r  by subl imat ion   of  ice from t h e  s u i t ' s   o u t e r  
s u r f a c e  (see Chapter I11 of t h i s   R e p o r t ) .  The hea t   could  
a l s o  be conducted   to  t h e  tubing  of  a l i q u i d  loop, which may 
be   loca ted  on t h e   i n n e r   s i d e   o f  the s u i t ' s   s h e l l ,  and  con- 
d u c t e d   t o  a conven t iona l   hea t - r e j ec t ion   s ink .  

The h e a t   p i p e  scheme i s  a pas s ive   hea t   t r anspor t   sys t em w i t h  
no  moving p a r t s   ( e x c e p t   t h e   c o n t r o l   v a l v e  i n  the v a r i a b l e  con- 
duc tance   p ipe ) ;  it is  r e l a t i v e l y   i n s e n s i t i v e   t o   e x t e r n a l  con- 
tamination  and i s  c a p a b l e   o f   t r a n s p o r t i n g   l a r g e   q u a n t i t i e s  
of   hea t   across   smal l   t empera ture   g rad ien ts  . 
On the   o the r   hand ,   hea t   p ipes  are n o t   f r e e   o f  f l a w s .  The 

wick ing   ma te r i a l   i n s ide  the p ipe   t ends   t o   deg rade   w i th  time; 
i n  a d d i t i o n ,  a h e a t   p i p e   r e q u i r e s  a p e r f e c t l y   h e r m e t i c  seal- 
i n g  t o  i n h i b i t   l e a k a g e   o f   t h e   p r e s s u r i z i n g   g a s   i n t o  the p ipe  
(see Figure 2-6) . 
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2 . 4  Recommendations ' fo r   Univers i ty  Research 

a .  

b. 

C. 

I n v e s t i g a t e  modes o f   h e a t - t r a n s f e r  from the body 
s u r f a c e   t o  a l iquid-cooled  garment   other   than con- 
duc t ion  by direct c o n t a c t .   R a d i a t i v e   h e a t   t r a n s f e r ,  
for  example,  wh i l e  n o t   a s   e f f i c i e n t   t h e r m a l l y ,  may 
prove t o  have some advantages from the s t andpo in t   o f  
comfor t ,   l ack   o f   cons t r a in t s  on movement, ease  of  
donning  and  doff ing  and  total   weight .  

Deve lop   an   au tomat i c   r egu la to r   t o   con t ro l  LCG coo l ing  
r a t e  and   a s t ronau t ' s   sKin   t empera tu re ,   t o   avo id  
excess ive   sweat ing   or  t he  o n s e t  of sh ive r ing .  

I n i t i a t e  work  on m o d i f i e d ,   f l e x i b l e ,   v a r i a b l e   h e a t  
pipes   compat ible  w i t h  gas -p res su r i zed   so f t ,   hybr id  
and   hard   space   su i t s .  
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111. HEAT REJECTION SYSTEMS 
" 

A number of p o r t a b l e   h e a t   r e j e c t i o n   s i n k s ,   c o m p a t i b l e  w i t h  
space  hardware and t h e  space  environment,   have  been  proposed 
o v e r   t h e   p a s t  few y e a r s .  Some are t r u e  heat r e j e c t i o n   d e v i c e s ,  
r e j e c t i n g   e x c e s s   h e a t  either by r a d i a t i o n   o r  by  dumping hi'gh 

er. thalpy  expendable  overboard:  others are i n  fac t  h e a t   s t o r a g e  
s i n k s ,   s t o r i n g   h e a t   d u r i n g  EVA and   re leas ing  i t  dur ing   t he  
r egene ra t ion   cyc le  on board   the   spacecraf t .   Xos t  are compatible 
w i t h  l iqu id- loop  heat t ransport   svstems  and are d e s c r i b e d   i n  
t h i s  chapter .  The schemes which a r e   n o t  are d i s c u s s e d   i n  
Chapter I V  of t h i s  r e p o r t .  

A t  p r e sen t ,   t echn iques  which depend on expenda??les   for  
r e j e c t i n g   h e a t   j e t t i s o n   s a t u r a t e d   v a p o r   i n t o   s p a c e ,  the 
enthalpy  of  which  vapor i s  very   near ly  t h e  l a t e n t   h e a t   o f  
vapor i za t ion .  I t  has  been shown , however, t h a t   t h e   t o t a l  
heat re jec ted   could   be   expressed  as 

2 1  

where M = mass of  expendable  remaining i n   t h e   s y s t e m  
a t  any t i m e  T 

E = i n t e r n a l   e n e r g y   o f  t h e  expendable i n   t h e   s y s t e m  
ho = spec i f ic   en tha lpy   of   escaping   vapor  

Assuming t h a t  dE = 0 ( t h e  expendable   f lu id  i s  s t o r e d  as a 
l i q u i d  a t  e s s e n t i a l l y  a cons t an t   t empera tu re ) ,   and   r eca l l i ng  
t h a t  dM < 0 ,  it i s  o b v i o u s   t h a t   t o  maximize Q ,  ho should  be 
maximized. The l a t e n t   h e a t  of vaporizat ion,   however ,  i s  a 
w e a k  func t ion   o f  t h e  tempera ture :   increas ing   the   t empera ture  
of the  escaping  vapor  w i l l  i n c r e a s e  i t s  entha lpy  by only  an 
i n s i g n i f i c a n t  amount. On t h e  o ther   hand ,  ho could be 

i n c r e a s e d   s i g n i f i c a n t l y  by acce le ra t ing   t he   vapor   t h rough  a 
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supersonic   nozz le  2? While t h i s  scheme may add t o   t h e   c o m p l e x i t y  
o f   t h e   h e a t   r e j e c t i o n   s y s t e m ,   c a r e f u l   p a r a m e t r i c  and f e a s i b i l i t y  
s t u d i e s  may prove t o   b e  w e l l  w o r t h   t h e   e f f o r t .  

3 .1  Ice Sublimators 

The vacuum of   space   o f f e r s  an a t t ract ive method o f   h e a t  
r e j e c t i o n :  a t  ambient  pressures  below 0.089 p s i a   ( t h e   t r i p l e  
po in t   o f  water) , ice sublimes a t  temperatures  below 32 F,  

a f f e c t i n g   t h e   n e t   r e j e c t i o n   t o   s p a c e   o f  1 0 7 3  B t u / l b   ( i f   t h e  
feedwater i s  s t o r e d   o n   b o a r d   i n   t h e   l i q u i d   p h a s e ) .   T h i s  i s  
t h e   p r i n c i p l e   b e h i n d   t h e   o p e r a t i o n  of var ious   types   o f  
ice subl imators .  

0 

Porous P la te  Sublimator 

This i s  t h e  heat re ject ion  system  used  on the Apollo  lunar  
missions.  Water from a p r e s s u r i z e d   r e s e r v o i r  i s  f e d   t o   o n e  
s i d e   o f  a porous metal p l a t e ,   t h e   o t h e r   s i d e   o f  which is 
exposed t o   s p a c e .  Water vapor   passes   through  the  porous medium 
and freezes o n   t h e   o u t e r   s u r f a c e   o f   t h e   p l a t e ,   t h u s   p r e v e n t i n g  
fur ther   watex  loss under low heat- load  condi t ions.  The w a r m  
coo lan t   f rom  the   a s t ronau t ' s  LCG flows  through  cored 
passages   i n  t h e  po rous   p l a t e  and  gives   up  heat   to  t he  feed- 
water; t h e  heat i s  t r a n s f e r r e d  by conduc t ion   i n to   t he  i ce  
and i n c r e a s e s   t h e  ra te  of s u b l i m a t i o n ,   u n t i l   e q u i l i b r i u m  
occurs .  The u n i t  i s  t h e r e f o r e   s a i d   t o   b e   s e l f - r e g u l a t i n g .  A 

schematic r ep resen ta t ion   o f  a porous-plate   subl imator  i s  shown 
i n   F i g u r e  3-1. 

Control  of LCG coolant   in le t   t empera ture   can   be   ach ieved  by 
e i t h e r  one of the   fo l lowing  two  methods: i n   t h e  Apollo PLSS 

a t h r e e - p o s i t i o n   d i v e r t e r   v a l v e  i s  i n c o r p o r a t e d   i n   t h e  
s u b l i m a t o r   i n l e t  (see Figure  3-1), causing some o f   t h e  w a r m  

19 , 21 
~- ~ 
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coolant to bypass  the  heat  exchanger,  then  mix  with  the  cold 
coolant  at the sublimator  outlet.  This  method  has  the  serious 
disadvantage  that  at l o w  heat  loads,  which  result  in low 
coolant  flow  rates  through  the  sublimator,  the LCG coolant 
may  freeze in the  heat  exchanger  portion  of  the  sublimator. 

To overcome  this  difficulty  the  "zone  cooling"  approach  has 
been  proposed '2. Under  this  scheme,  the  sublimator  surface 
is  divided  into  zones (four,  at  the  present  stage  of design), 
separately  fed  by  water  from  the  evaporant  reservoir.  The  full 
amount  of LCG coolant  flows  through  the  heat  exchanger  at 
all  times.  Control  is  achieved  by  selecting  individual  zones 
through  a  remote  control  unit,  thus  increasing  or  decreasing 
the  sublimator's  active  surface  area  as  the  need  arises.  An 
additional  advantage  that  this  method  has  over  the  bypass 
technique  is  that  only  a  maximum  flux  of  approximately 3 lb/hr 
of  feedwater  is  controlled,  compared  with 2 4 0  lb/hr of LCG 
coolant  flow.  This  results in considerably  smaller  control 
mechanism  and  connecting  lines. 

Ice  sublimators  have  the  advantage of using  water  as  the 
expendable  sublimant,  water  being  inexpensive,  non-toxic, 
noncombustible  and  having  high  heat of vaporization. Also, 
ice  sublimators  are  self-requlating  and  this  type  of  hard- 
ware  has  been  space-qualified. 

The  disadvantages of ice  sublimators  are  that  the  sublimant, 
water, is  expended to space  at  the  rate  of  about 12 lbs.  for 
. a  4-hours  mission;  the  porous  plates  are  sensitive to 
contamination;  the  performance of the  porous  plates,  as  that 
of  most  capillary  devices,  may  deteriorate  with  time;  under 
low  heat-loads LCG coolant  may  freeze  in  the  sublimator;  and, 
if  the  feedwater  reservoir  is  tied  into  the LCG coolant loop, 
aeration  by  the  pressurizing  gas  in  the  feedwater  reservoir 
may  result in cavitation  and loss of efficiency  in  the 
circulation pump. 
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I t  may be worth  mentioning a t  t h i s  p o i n t  t ha t  a v e r y   s i g n i f i c a n t  
i n c r e a s e   i n   s u b l i m a t o r   e f f i c i e n c y  and h e a t - r e j e c t i o n   c a p a b i l i t y  
could  be  achieved by s t o r i n g   t h e   f e e d w a t e r   i n  the form of 
subcooled ice 21 (see Sec t ions  3 . 4  t 3.5) . 
Screen  Subl imator  

To overcome t h e   p r o b l e m   o f   d e t e r i o r a t i o n   i n  t h e  performance 
of   porous  plates   with time the   s c reen   sub l ima to r  has been 
proposed: t h e  po rous   p l a t e  i s  rep laced  by a fine-mesh  screen 
and a g e l l i n g  addi t ive  is  added t o   t h e  feedwater. The na tu re  
and concen t r a t ion   o f  t h e  g e l l i n g   a g e n t  i s  such t h a t  t h e  

r e su l t i ng   ge l   can   be   r e t a ined   on   t he   s c reen   su r f ace ,   unde r  
o p e r a t i n g   c o n d i t i o n s ,  by the  s u r f a c e   t e n s i o n   o f   t h e   g e l l e d  
water i n t e r a c t i n g   w i t h  t h e  mesh of  t h e  screen .  

The ge l led   feedwater  i s  f ed  from a p r e s s u r i z e d   r e s e r v o i r   t o  
t h e  heat exchanger  and,  under low heat load,  forms a f rozen  
l a y e r   o f  ice on t h e   s c r e e n   s u r f a c e  which i s  exposed t o   s p a c e .  
Hea t   i npu t s   f rom  the   c i r cu la t ing  LCG coo lan t  w i l l  c ause   t he  
ice t o   s u b l i m e ,   t h u s   r e j e c t i n g   t o   s p a c e   t h e   l a t e n t  heat of  
vapor i za t ion   o f   t he   ge l l ed   wa te r   (wh ich  i s  s l i g h t l y   l o w e r  
t h a n   t h a t  of pure  H 2 0 ) .  The g e l l i n g   a d d i t i v e  w i l l  f l o a t   o f f  
t he  sub l iming   su r f ace   i n   t he   fo rm  o f   f i ne  powder w i t h  t h e  
escaping  vapor.  

The advantage  of t h e  screen   subl imator   over  the porous   p l a t e  
model i s  t h a t  there is no degrada t ion  of c a p i l l a r i e s  w i t h  
time and t h e  device  i s  no t  as s e n s i t i v e   t o   c o n t a m i n a t i o n .  

1 9  

The screen   subl imator   shares   mos t   o f   the   d i sadvantages   o f   the  
p o r o u s   p l a t e   s u b l i m a t o r ;   i n   a d d i t i o n ,  t he  concep t   has   no t   ye t  
been   ver i f ied ,   hardware   has   no t   been   deve loped   and   po ten t ia l  
problems  stemming  from the  use   o f   ge l led  water in   space   have  
no t   ye t   been   i nves t iga t ed .  
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3.2 Evaporators 

E v a p o r a t o r s ,   l i k e   s u b l i m a t o r s ,   r e l y  on  space as an 
in f in i t e   l ow-pres su re   s ink .  However, while   the  phase  change 
i n  a subl imator  i s  from s o l i d  ( ice)  t o   g a s ,   t h e   t r a n s i t i o n  
t a k i n g   p l a c e   i n  an evapora tor  i s  d i r e c t l y  from t h e   l i q u i d  
phase   to   vapor .  I f  feedwater i s  s t o r e d   i n i t i a l l y   i n   l i q u i d  
f o r m ,   t h e   n e t   h e a t   r e j e c t e d   t o   s p a c e  i s ,  of   course ,   the  
same in   bo th   t echn iques .  

An evapora tor  is  shown schemat i ca l ly   i n   F igu re  3-2. I t  

c o n s i s t s   o f  a feedwater   reservoir   which i s  ven ted   t o   space  
through a back-pressure  control   valve.  W a r m  coo lan t  from t h e  
LCG o u t l e t  rejects hea t   t o   t he   evaporan t ,   t he reby   i nc reas ing  
t h e   l a t t e r ' s   e n t h a l p y .  Vapor escapes   th rough  the   cont ro l  
v a l v e ,   r e j e c t i n g   h e a t   t o   s p a c e ,   u n t i l   t h e r m a l   e q u i l i b r i u m  is 
e s t a b l i s h e d .  LCG coolan t   t empera ture  i s  determined  by  the 
vapor   p ressure   (and   consequent ly   the   bo i l ing   t empera ture)   o f  
t h e   e v a p o r a n t   w h i c h ,   i n   t u r n ,  i s  r egu la t ed  by t h e   s e t t i n g  
o f   t h e   p r e s s u r e   c o n t r o l   v a l v e .  

A number of  schemes  which make u s e  of t h i s   s i m p l e   p r i n c i p l e  
and  which  have a zero-g   opera t ion   capabi l i ty   have   been  
suggested 21. A l l  of them s h a r e ,   n a t u r a l l y ,   t h e   i n h e r e n t  
d i sadvan tage   t ha t   t he   evaporan t  i s  expended t o   s p a c e .   I f  
water i s  used,   about  1 2  lbs .  mus t   he   j e t t i soned   i n  a course 
of a 4-hours EVA mission.  

Wick-Fed Evaporator 

The evaporant i s  f e d   i n t o   t h e   e v a p o r a t o r  by c a p i l l a r y   a c t i o n  
a long   wicks .   In   the   evapora tor   the   feedwater   absorbs   hea t  
from t h e  LCG c o o l a n t   i n  a l iqu id- to- l iqu id   hea t   exchanger  
and evaporates .  The vapor   f lows  into a header  and is  vented 
t o   s p a c e   t h r o u g h   t h e   p r e s s u r e   c o n t r o l   v a l v e ,   r e s u l t i n g   i n   t h e  

7 , 1 9  
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r e j e c t i o n   t o   s p a c e   o f  1 0 7 3  Btu/lb. Water i s  cont inuously 
fed  from a g a s - p r e s s u r i z e d   r e s e r v o i r   i n t o   t h e   e v a p o r a t o r  a t  
t h e  rate r equ i r ed  t o  replenish  the  evaporated  feedwater   and 
keep  the  wicks w e t .  

This   type   o f   evapora tor   has   been   space-qual i f ied   and   used   in  
space.  Its m a j o r   d i s a d v a n t a g e ,   i n - a d d i t i o n   t o   t h e   e x p e n d i t u r e  
o f  water, i s  t h a t   c a p i l l a r y   d e v i c e s  are s e n s i t i v e   t o   e x t e r n a l  
con tamina t ion   and   t he i r   pe r fo rmance   t ends   t o   deg rade   i n  t i m e .  
Also, poss ib l e   ae ra t ion   o f   t he   evaporan t  i s  a problem (see 
discussion  under   "Porous  Plate   Subl imator")  . 

Centr i fuga l   Evapora tor  2 1  

An i n t e r e s t i n g   c o n f i g u r a t i o n  i s  t h a t   o f   t h e   c e n t r i f u g a l  
evapora tor   (F igure  3 - 3 ) ,  i n  which a separa te   feedwater  
system is  e l imina ted   and   the  LCG coo lan t   s e rves  as t h e  
evaporant.  A cen t r i fuga l   ze ro -g   gas - l iqu id   s epa ra to r   i n s ide  
the   evapora to r  i s  s l a v e d   t o  a wa te r   t u rb ine .  The t u r b i n e ,  
i n   t u r n ,  i s  d r iven  by t h e  w a r m  coolant  from t h e  LCG. The 
evapora tor  i s  vented t o  space  through a back-pressure  valve 
and the  temperature   of   the   coolant  a t  t h e   e v a p o r a t o r   o u t l e t  
i s  r egu la t ed  by t h e   s e t t i n g   o f   t h e   v a l v e .  The coolant   loop 
must   inc lude ,   na tura l ly ,  a r e s e r v o i r   f o r   a c c u m u l a t o r   e f f e c t  
and t o   r e p l e n i s h   t h e   l i q u i d  which  has  been  evaporated t o  
space.  

I n   a d d i t i o n   t o   t h e   a b s e n c e   o f  any capi l lary  devices   which may 
d e t e r i o r a t e   w i t h  t i m e ,  t h i s  scheme has  another   advantage:  
chemical  removal of gas   contaminants   f rom  the   su i t ,   espec ia l ly  
C 0 2  and H 2 0  vapor ,   could  be  e l iminated.   Instead,   gas   f rom  the 
s u i t  is mixed w i t h   t h e   c o l d   c o o l a n t   a t   t h e   e v a p o r a t o r   o u t l e t ,  
then   separa ted  i n  a small gas- l iqu id   separa tor   and   duc ted  
back t o   t h e   s u i t .  The s u i t   g a s  i s  thus  dehumidified,  i t s  H20 
vapor   p re s su re   be ing   equa l   t o   t ha t   o f   t he   co ld   coo lan t ,   and  
C 0 2  i s  removed  by d i s s o l u t i o n   i n   t h e  water, l a t e r   t o  be e j e c t e d  
t o   s p a c e  a t  the  low-pressure  evaporator .   Chemical   addi t ives  
t o   i n c r e a s e   t h e  C02  capac i ty   o f   the   coolan t  may be  needed,  though. 

3 3  
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The disadvantages  of  t h i s  scheme inc lude   t he   expend i tu re   o f  
1 2  lbs.  of water t o   s p a c e   f o r  a 4-hour   mission:   the  turbine 
and gas s e p a r a t o r  may add t o   t h e   c o m p l e x i t y   a n d   t o  t he  power 
requirements  of  the  system;  precautions  must be t a k e n   t o  
p r e v e n t   c a v i t a t i o n  a t  t h e   c i r c u l a t i o n  pump by the d i s so lved  
gases:   and the  concept   has   no t   ye t   been   ver i f ied  or t e s t e d .  

Forced-Vortex  Fed  Evaporator 

A n o t h e r   a t t e m p t   t o   e l i m i n a t e   c a p i l l a r i e s  and t h e i r   s e n s i t i v i t y  
to   contaminat ion  i s  r ep resen ted  by t h e  forced-vortex  evaporator .  
Evaporant  (water)  from a p r e s s u r i z e d   r e s e r v o i r  i s  f e d   i n t o  
a number of small - diameter  metal tubes, which pass  through a 

l a r g e r   c o n t a i n e r  f i l l e d  with LCG coolan t .  The evaporant  ,is 
fo rced   aga ins t  the  i n n e r   w a l l  of t h e  tube by the c e n t r i f u g a l  
forces   caused by a s p i r a l l y - t w i s t e d  metal ribbon  which i s  

t i g h t l y  f i t t e d  i n t o   e a c h   t u b e .  The feedwater  absorbs the  heat 

load  from  the LCG coo lan t  and  evaporates.  The vapor   f lows  into 
a header and i s  e j e c t e d   t o   s p a c e   t h r o u g h  a back-pressure  control  
valve.  

7,19 

The advantage  of t h i s  scheme ove r   t he  wick-fed evapora tor  i s  
that  the h e a t - t r a n s f e r   s u r f a c e s  are wetted  without  dependence 
on c a p i l l a r y   d e v i c e s .  I ts  disadvantages are t h a t  water is 
expended t o   s p a c e   a t  t h e  r a t e  of 1 2  lbs .  f o r  a 4-hour  mission, 
a d i s t r i b u t o r  i s  r e q u i r e d   t o   e q u a l i z e  t h e  flow  of  evaporant 
among t h e  tubes, ae ra t ion   o f   t he   evaporan t   supp ly  i s  a p o s s i b i l i t y  
(see discussion  under  "Porous P la te  Sublimator")  and  although 
performance  of a conceptual   prototype .has been  demonstrated 
no space-qual i f ied  hardware  has   yet   been  developed.  
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3.3  Radiators 

The performance  equation  of a r a d i a t o r  i s  given by 

6 = F A E O ( T r 4  - . T o 4 )  (3-2) 

where h = h e a t   r e j e c t i o n  rate,  Btu/hr 
F = shape  (or  view) f a c t o r  
A = r a d i a t i n g  surface area, f t 2  
E = emiss iv i ty  
d = Stefan-Boltzmann  constant, 0 .1714 x lo-' 

( B t u / h r - f t 2 -  OR4)  

Tr = rad ia tor   t empera ture , 'R  
To = s ink   tempera ture   ( taken  as O o R  fo r   space )  

I t  i s  n o t   h a r d   t o  see t h a t  an i d e a l   r a d i a t o r ,   r e j e c t i n g   t h e  
average  metabol ic   heat   of  2000 Btu/hr a t  530'R ( 7 O o F ) ,  w i l l  
have   sur face   a rea   o f  a t  l eas t  25  f t 2 .   T h i s  i s  c l e a r l y   t o o  
l a r g e   t o  mount  on  an EVA as t ronaut .   Cons iderable   reduct ion  
i n  s i z e  can  be  achieved,  however, i f   t h e   r a d i a t o r  i s  made t o  
ope ra t e  a t  higher   temperatures ,  a t  t h e   c o s t  of  increased 
power requirements.   Table 3-1  shows t h i s   t r a d e - o f f   f o r  an 
i d e a l   r a d i a t o r ,   r e j e c t i n g  2 0 0 0  Btu/hr. 

TABLE 3-1 : 

RADIATOR TEMPERATURE, AREA AND POWER REQUIREMENT 
21 

T ,  O F  T ,  O R  
.~ ~" .- 

70 
600 1 4 0  
530 

860 400 
672  2 1 2  

Minimum Power,  Watts 
.- ~ ~ ~~~~ 

- 
7 6  

1 6 0  
360 

Minimum Area, f t2  I 
A = 25 

0.77 A 

0.51 A 

0.23 A 
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It should be emphi s i zed   t ha t   t he   va lues   g iven   i n   Tab le  3-1 

are based on the  performance of a n   i d e a l   r a d i a t o r :   i r r e v e r s i b l e  
effects i n   t h e   s y s t e m   m a y ' r e s u l t   i n   c o n s i d e r a b l y   l a r g e r   v a l u e s  
of   power  input   and  required  surface area. I n   a d d i t i o n ,  heat 
i n p u t s  from the sun ( 4 4 0  B t u / h r - f t 2 ) ,  t h e  e a r t h ,   t h e   l u n a r  
surface  and t h e  s p a c e c r a f t  i t se l f  have  not   been  taken  into 
account. A r a d i a t o r  w i l l  r e q u i r e  complex c o n t r o l   s y s t e m   t o  
s h i e l d  it from these i n p u t s  and  keep it facing  deep  space 
a t  a l l  times. 

Although these d i f f i c u l t i e s  seem t o   e x c l u d e   r a d i a t o r s  as 
po ten t i a l   po r t ab le   hea t - r e j ec t ion   dev ices   fo r .EVA,   s eve ra l  
i n v e s t i g a t i o n s  show t h a t  w i t h   c e r t a i n   l i m i t a t i o n s   r a d i a t o r s  
could   be   used   in  a t  least  two d i f f e r e n t   t y p e s   o f  EVA missions.  
An i n t e g r a t e d   s y s t e m   i n  which t h e  e x t e r i o r  of t h e  s p a c e   s u i t  
s e r v e s   a s  t h e  r a d i a t i n g   s u r f a c e   m i g h t  be u s e d   i n   e a r t h   o r b i t  
(see Sec t ion  4 . 2 ) ,  and   r ad ia t ing  plates mounted on a car t  
c o u l d   b e   p r a c t i c a l   f o r   u s e   d u r i n g  a l u n a r  EVA mission . 

22 

19 

Lunar-Cart  Radiator 19 

A r a d i a t o r  mounted  on wheels  f o r   l u n a r   o p e r a t i o n   v i o l a t e s  
R e s t r i c t i o n  5 (page 11). However, t h e  sys tem  requi res  no 
expendables   and  therefore  may be s u p e r i o r   t o   s t a t e - o f - t h e - a r t  
systems when long EVA per iods   a re   involved  (see Figs.  5-1 & 5 - 2 ) .  

A schemat ic   representa t ion  of the  luna r  car t  i s  g i v e n   i n  
F igure  3 - 4 .  The c a r t   c o n s i s t s  of f i v e   p l a t e s ,   o n e   o f  which is  

v e r t i c a l  and s e r v e s  as t h e  r a d i a t i n g   p a n e l  and fou r  which 

s h i e l d  it from h e a t   i n p u t s  from t h e  sun  and  from t h e  l u n a r  
su r face .  A l l  p l a t e s  are mounted  on  hinges  and  can  be  aligned 
manually by t h e  a s t r o n a u t   t o   y i e l d  optimum r a d i a t i o n  and 
s h i e l d i n g   c h a r a c t e r i s t i c s .  The a s t r o n a u t ' s  LCG system i s  

coupled w i t h  t h e  car t ' s  hea t - re jec t ion   sys tem by  means of  an 
umbilical which provides  t h e  a s t r o n a u t  w i t h  maneuvering 
c a p a b i l i t y   i n  t h e  v i c i n i t y   o f  t h e  c a r t .  The as t ronaut   mus t ,  
of c o u r s e ,   p u l l  t h e  car t  when changing work s t a t i o n s .  
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The advantage of the  system is  tha t   no   expendab les  are needed 
r e g a r d l e s s   o f   t h e  number of  EVA hours .  

The disadvantages are the  l a r g e   s i z e   a n d  mass of   the   sys tem 
which may complicate  i t s  s t o r a g e   a b o a r d   t h e   s p a c e c r a f t ,   t h e  
astronaut  must  maneuver  the cart  and  keep it p r o p e r l y   o r i e n t e d  
as he  moves a round,   the   meteoro id   pene t ra t ion  hazard,  t h e  
umbilical connection  must be made and  broken i n   h a r d  vacuum 
and t h e  umbilical  may be  a source   o f   cons iderable  heat  leakage. 

3.4 Heat S torage  S i n k s  

On mis s ions   i nvo lv ing   mu l t ip l e  EVA t o t a l l i n g  many hours 
the weight  and volume of the r equ i r ed   evaporan t   ru l e   ou t  the 
use   o f   evapora tors   o r   subl imators  as p r a c t i c a l  methods  of  heat 
r e j e c t i o n  (see Figures  5-1 & 5 - 2 ) .  On such  missions i t  may be 

w i s e  t o  pay a p e n a l t y   i n  the form  of a more  cumbersome h e a t  
sink  which  could be regenerated  onboard the  s p a c e c r a f t  
between EVA fo r   r epea ted   u se .  

Fusion  of Thermal Wass -- Ice 19 -~ 

The w a r m  coolant   f rom  the LCG o u t l e t  i s  pumped through a bed 
of ice a t  32'F, r e j e c t i n g  1 4 3  Btu t o   c o n v e r t  1 . 0  l b .  of i ce  t o  
l i q u i d  H2C) a t  t h e  same temperature .  To f a c i l i t a t e  h e a t   t r a n s f e r  
from t h e  LCG c o o l a n t   t h e  ice  i s  s t o r e d   i n  a l a r g e  number of 
small ,  sDher i ca l   capsu le s  made o f   t h i n   p l a s t i c  material which 
i s  impermeable t o   w a t e r .  A Diece of heat-conduct ive wire is  
p l a c e d   i n  each capsule   to   min imize  the q u a n t i t y  of unusable 
ice. The molten ice  is  refrozen  between EVA onboard   t he   c r a f t  
and i t s  encapsula t ion   permi ts   repea ted   use-and-regenera t ion  
cyc le s   w i thou t   de t e r io ra t ion .  

The advantaaes   of   this  method are t h a t  it i s  s imple ,  the  h e a t  
s i n k  may be   u sed   fo r   mu l t ip l e  EVA, no  expendables are r equ i r ed  
and t h e  f u s i o n   m a t e r i a l ,  H 2 0 ,  i s  nontoxic,   noncombustible,  non- 
i r r i t a n t  and has a h i g h   h e a t   o f   f u s i o n   r e l a t i v e   t o   o t h e r  materials. 
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The disadvantages are t h a t  an ice bed  has   large  weight   (approxi-  
mately  150 lbs .  for  4-hour EVA) and  volume ( z 3 f t .  ) due t o  
low heat of fus ion ,   143   Btu / lb . ,  compared t o  the h e a t  of 
vaporizat ion,   1073  Btu/ lb . ;  the hea t   s ink   mus t   be   main ta ined  on- 
board  between  missions a t  temperatures  below 32OF, and  addi- 
t i v e s  are needed i n  t h e  LCG coo lan t  ( i f  it i s  water) t o  lower 
i ts  f r e e z i n g   p o i n t  below 32OF, t o  keep it from f r e e z i n g   i n  the 
heat-exchanger   in   operat ion  and  during the r egene ra t ion   cyc le  
onboard the  s p a c e c r a f t .  

An i n t e r e s t i n g   v a r i a t i o n  on t h e  theme of ice as  a h e a t  s i n k  i s  
the  concept  of  subcooled ice2'. The temperature  dependency  of 
the' in t e rna l   ene rgy  of ice  w i t h  respect t o   w a t e r   a t  32OF (E=O) 

3 

i s  given i n  T a b l e  3-2. 

TABLE 3-2: 

INTERNAL ENERGY OF I C E  

Temperature, O F  

32 
- 20 

- 40 
- 320 

- 143 
- 168 
- 1 7 0  

- 310 

Thus, s t o r i n g  ice i n i t i a l l y   a t  -320OF r a t h e r   t h a n  32OF  may 
r e s u l t   i n   t h e   i n c r e a s e  of t h e  s i n k ' s   h e a t   c a p a c i t y   o f  more than  
115%. O f  course ,  a heat s i n k   a t   t h a t   t e m p e r a t u r e   i n t r o d u c e s  
some new problems. The LCG coolant   (water)   cannot  reject  i t s  
h e a t   d i r e c t l y   t o  the ice mass. A secondary  coolant   loop i s  
needed ,   car ry ing   low-f reez ing-poin t   l iqu id   such   as   s i l i cone  o i l .  
Cool ing  the ice to   c ryogen ic   n i t rogen   t empera tu re   du r ing  t h e  

regenera t ion   cyc le   onboard  the  s p a c e c r a f t   a l s o   p r e s e n t s  a pro- 
blem and may increase   the   complexi ty  of t h e  system. 
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As noted in Section 3.1, the  efficiency  of  ice  sublimators 
could  be  increased  by  more  than 30% if  the  sublimant  is  stored 
initially  as  ice  at LNZ temperature  rather  than  as  a  liquid. 
Further  studies  are  needed,  however,  to  determine  the  feasibility 
of  such  scheme  as  well as  possible  configurations. 

Fusion  of  Thermal  Mass -- Other  Fusible  Materials 
To overcome  the  need  for  special  measures to prevent  LCG 
coolant  freeze-up  during  the  regeneration  cycle,  some  other 
materials  can  be  used  as  the  fusible  mass  instead  of  ice. 
Some  potentially  suitable  materials  are  listed  in  Table  3-3 
below. 

TABLE  3-3 : 

POSSIBLE  HEAT - S I N K  FUSIBLE  MATERIALS 31 

Material 

Ice, H20 

Tetradecane,C 14'30 
Hexadecane,  C  H 16 34 
Octadecane,  C18H38 

Density, 
lb/f t 

5 6  

4 8 . 0  

48.3 

48.3 

..~ ~- ~ ~. 

Freezing 
Point, OF 

32 

41 

61 

81 

~ " " -.  ." 

Heat  of 
Fusion, Btu/l: 
.. ~ - 

143 

98 

100 

104 

If any of these  hydrocarbons is used  the  heat  sink  could  be 
regenerated  onboard by chilling  the  LCG  coolant  (water),  and 
there  is  no  need  for  additives  to  lower  the  coolant's  freezing 
point.  Another  fringe  advantage  is  that  in  operation  the  LCG 
coolant  temperature  cannot  drop  low  enough  to  cause  frostbite 
(39'F). On  the  other  hand,  LCG  coolant  temperature  must  be  at 
least  several  degrees  higher  than  the  freezing  point  of  the 
fusible  material  to  transfer  heat  into  the  sink.  This  limits  the 
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s e n s i b l e   h e a t - t r a n s f e r   c a p a c i t y   o f   t h e   c o o l a n t   l o o p   ( a n d  
p robab ly   ru l e s   ou t  the use  of   octadecane as t h e   f u s i b l e  mass, 
too) .   Also,   the   weight   and volume of the hydrocarbon  required 
fo r   one  4-hour EVA are larger than the corresponding  values  
f o r  ice,  due t o  the lower   hea t   o f   fus ion   and   dens i ty   o f   these  
chemicals.  For  example, i f  t e t r adecane  i s  used, 220  lbs.  

( a t  about 4 f t .  3 ,  are r e q u i r e d   f o r  a 4-hour EVA. 

3.5 Recommendation. for   Univers i ty   Research  

a. Inves t iga t e   t he   poss ib i l i t i e s   o f   improv ing   t he   pe r fo rmance  

_____. . .  

and lifetime o f   cap i l l a ry   dev ices ,   such  as wicks  and 
porous   p la tes ,   th rough  sur face   . t rea tment .  

b.  Develop ice  subl imators  which d o   n o t   r e q u i r e   c a p i l l a r y  
devices ,   such as po rous   p l a t e s ,   fo r   ope ra t ion .  

c. I n v e s t i g a t e   t h e   c o n c e p t  of the   ge l led-water   sc reen   subl imator  
and identify  problems  which may ar ise  from the   u se  of g e l l e d  
water i n  the  thermal ,   rad ia t ive   and   grav i ta t iona l   envi ronments  
of space.  

d. I n v e s t i g a t e  methods  and  techniques t o   o p t i m i z e   t h e   e f f i c i e n c y  
of   expendable   refr igerant   heat-re   ject ion  systems  through 
maximization  of  the  energy  of the escaping  gas .  

e. I n v e s t i g a t e  the f e a s i b i l i t y   o f   s t o r i n g   s u b l i m a n t s  and 
evaporan t s   i n  the form of subcooled i ce ,  thus   i nc reas ing  the 
ene rgy   r e j ec t ion  rate p e r  pound  of  expendable. 

f .   I n v e s t i g a t e   t h e   f e a s i b i l i t y  of using  subcooled ice i n  
r egene rab le   hea t   s inks .  
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I V .  INTEGRATED COOqING SYSTEMS 
" 

Some proposed  thermal-control   systems  do  not   fol low the  

"classical" conf igura t ion   of   separa te   hea t - t ranspor t   and  
heat-s ink  subsystems.   Instead,  these two are i n t e g r a t e d  
i n t o  a s i n g l e   s y s t e m  which  performs  both  functions.  Because 
of   the  absence  of  a sepa ra t e   hea t - t r anspor t   l oop  the 
in tegra ted   cool ing   sys tem  must  be an thropomorphic   in   o rder  
t o   c o l l e c t  heat  from a l l  pa r t s   o f   t he   a s t ronau t ' s   body .  
Th i s  e l i m i n a t e s  t h e  need   for  a backpack w i t h  i t s  e x t r a  
hulk  and  weight a t  t h e  cost   of   increased  complexi ty   of  t h e  

s p a c e s u i t   s y s t e m   a n d ,   c o n s e q u e n t l y ,   p o s s i b l e   r e d u c t i o n   i n  
ease  of  donning  and  doffing. 

4 . 1  Liquid  Phase Change 4 1 5  

The liquid-phase-change  cooling  garment (ECGS f o r  
evaporative  cooling  garment  system)  employs  the same method 
o f   h e a t   r e j e c t i o n  as the evapora tor   (Sec t ion  3 .2 )  and, 
indeed,  can be viewed as an  evaporator  which  depends on 
d i rec t   conduct ion   f rom t h e  s k i n ,  ra ther  than  on convection 
by a l i q u i d  loop, as a means of heat  t r a n s p o r t .  A schematic 
r e p r e s e n t a t i o n  of a liquid  phase-change  garment i s  g i v e n   i n  
F igure  4-1.  

The garment  consists  of three l a y e r s :  

1. A thin,   non-permeable,   thermally-conductive membrane 
n e x t   t o  t he  a s t r o n a u t ' s   s k i n .  

2 .  A wicking   layer .  
3 .  A f l e x i b l e   i n t e r c o n n e c t i n g   v o i d  which a l lows   gas   t o  

f low  f reely  through the  s t r u c t u r e  and  which  serves as 
a low-pressure   bo i le r  . 

The void i s  vented   to   space   th rough a r egu la t ing   va lve .  The 
evaporant ,  water, i s  f e d   t o   t h e   w i c k i n g  material from a 
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Figure 4-1  : Liquid-Phase-Change  Cooling Garment (Cross-Section) 



r e se rvo i r .   Me tabo l i c   hea t  i s  t r a n s f e r r e d  t o  the  moistened 
wicks  by  conduction  through  the membrane. The feedwater  
evaporates  due t o  t h e  low p r e s s u r e  i n  the  wicking  and  void 
s t ruc tu res   and   t he   vapor  is  j e t t i s o n e d  t o  space , r e j e c t i n g  
1073 Btu  of  metabolic  heat  per  pound. 

A t  p r e s e n t  , the   garment   system  consis ts   of  1 2  cool ing  
segments. A l l  vacuum l i n e s  are p o r t e d   t o  a s i n g l e  common 
o u t l e t   t o  minimize  the number of   pene t ra t ions   th rough  the  
p r e s s u r e   s u i t  and  feedwater   l ines  are r o u t e d   i n s i d e   t h e  
semi- r ig id  vacuum l i n e s .  The separa te   cool ing   segments  are 
a t t a c h e d   t o  a next- to- the-skin  cot ton mesh undergarment, 
which   absorbs   poss ib le   persp i ra t ion  ,, and  an   ou ter   l iner  
covers a l l  s e g m e n t   p e n e t r a t i o n s .   T h i s   r e s u l t s   i n  a smooth 
o u t e r   s u r f a c e  and   ea sy   en t ry   i n to   t he   spacesu i t .  The 
a r t i c u l a t i o n  areas such as the  hips ,   knees   and  e lbows are 
not   cooled.   These  areas   connect   the  cool ing  segments   for  
maximum f l e x i b i l i t y  and  wearing  comfort. 

The advantages  of   the   l iquid-phase-change  integrated  sui t  
a r e   t h a t  it is  s imple,  i t s  h e a t - r e j e c t i o n  ra te  of  more 
than  5000 Btu /hr   can   be   eas i ly   cont ro l led  by t h e  back- 
p re s su re   va lve ,  i t  uses water a s   t h e   e v a p o r a n t ,   s e l e c t i v e  
temperature   control   can be obtained by providing  each 
cooling  segment  with a r e g u l a t i n g   v a l v e ,   t h e   s y s t e m   r e q u i r e s  
no power i n p u t   i f   t h e   v a l v e  , which i s  the   on ly  moving p a r t ,  
i s  adjusted  manually  and a pro to type   has  been b u i l t  and 
i t s  performance  has  been  demonstrated. 

The d isadvantages   o f   th i s  scheme are t h a t   t h e   e v a p o r a n t  i s  
expended t o   s p a c e   a t   t h e  ra te  of 1 2  lbs .  f o r  a 4-hour EVA, 

t h e  vacuum l i n e s  and  evaporant-dis t r ibut ion  system may 
cons t r a in   a s t ronau t   mob i l i t y  '? the   w ick ing   ma te r i a l  may 
degrade  with t i m e  as a r e s u l t  of contamination  and  under low 
hea t   l oads   t he   a s t ronau t ' s   sk in   t empera tu re  may be  reduced  to 
an uncomfortable  level . 19 
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4 . 2  Radiat ion 

For a l l  p rac t i ca l   pu rposes   deep   space  can be  viewed as a 
b lack  body a t  O'R. This raises the p o s s i b i l i t y   o f  rejecting 
e x c e s s   h e a t   t o   t h i s   i n f i n i t e   s i n k   b y   t h e r m a l   r a d i a t i o n .  The 
e x t e r n a l   s u r f a c e  area of a s u i t e d   a s t r o n a u t  i s  approximately 
25  sq.ft. which i s  o f   t he   o rde r  of magnitude of t h e   r e q u i r e d  
r a d i a t o r  area (see Sec t ion  3 . 3 ) .  This   sugges t s   t he   poss ib l e  
use o f   t h e   e x t e r n a l   s u r f a c e   o f   t h e   s p a c e s u i t  as a thermal 
r a d i a t o r  . 2 2  

The a s t r o n a u t  i s  a l s o   s u b j e c t e d   t o   r a d i a n t   h e a t   i n p u t s  from 
thermal   rad ia t ion   sources   such  as t h e   s u n ,   t h e   e a r t h ,   t h e  
l u n a r   s u r f a c e   ( i n   t h e  case of a luna r  EVA) and the   nearby  
spacecraf t .   Pro tec t ion   f rom  these   inputs   can  be achieved by 
s h i e l d i n g   o r  by c o a t i n g   t h e   e x t e r n a l   s u r f a c e  of t h e   s p a c e s u i t  
w i th   ma te r i a l s  which  combine low absorptance ( a )  with  low 
absorp tance- to-emi t tance   ra t io  ( a / € ) .  

A s  n o t e d   i n   S e c t i o n  1.1 the  radiant   environment   changes 
cons ide rab ly   i n  t i m e  and  space  and,  consequently,   the 
requirements  imposed on t h e   r a d i a t i n g   s p a c e s u i t  surface 
vary  accordingly.  As an  example, i n  a 300 n.m. e a r t h - o r b i t  
EVA mission 22, f o r  E=. 85, a/& = . 2  and i n t e r n a l   s u i t - w a l l  
temperature of 75'F,the maximum p o s s i b l e   h e a t - r e j e c t i o n  
r a t e  i s  2300 Btu/hr i n  noon o r b i t  and less than 2 0 0 0  Btu/hr 
i n  a t w i l i g h t   o r b i t  ( a / &  > . 2  i s  the   cu r ren t   s t a t e -o f - the -  
a r t   i n   s u r f a c e   c o a t i n g   m a t e r i a l s ) .  

Hea t   t r ans fe r  from t h e   s k i n   t o   t h e   r a d i a t i n g   s u r f a c e  i s  best  

accomplished by d i r ec t   conduc t ion   t h rough   t he   spacesu i t ,  
which a l so   p rov ides  a means o f   c o n t r o l l i n g   t h e   h e a t - r e j e c t i o n  
rate by vary ing   the   thermal   conductance   o f   the   spacesui t  
material. This  could be accompl ished   e i ther  by  pumping helium 
between t h e  evacuated   insu la t ion   layers?2   or  by us ing   va r i ab le  
conductance  heat-pipes 33  (see Sec t ion  2 . 3 ) .  
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The advantages  of this h e a t   r e j e c t i o n  method are t h a t  it 
requires  no  expendables  and  no power inpu t .  Its disadvantage 
is  t h a t ,  unde r   h igh   ex te rna l   hea t - loads ,  it is  incapable  
o f   r e j ec t ing   ve ry   h igh   me tabo l i c   hea t  rates. I t ,  t h e r e f o r e ,  
can  be  used  only as a n   a u x i l i a r y   s y s t e m ,   t h e   f u n c t i o n   o f  
which i s  t o   a l e v i a t e   t h e   h e a t - l o a d s  imposed  on  the  primary 
system  and  thus t o   r e d u c e  the t o t a l  power  and  expendable 
requirements .   Also,  t h e  system's  performance may degrade 
w i t h  t i m e  due to   contaminat ion   of  t h e  e x t e r n a l   s u r f a c e   o f  
t h e   s u i t   ( a n d  a consequen t   i nc rease   i n  t he  value  of a / € ) .  

A pro to type  has not   yet   been  developed.  

4 . 3  Phase Change Regenerable  Heat-Sink 31 

This technique  employs t h e  same concept   as  t h e  h e a t   s t o r a g e  
s i n k  d i s c u s s e d   i n   S e c t i o n  3 . 4  e x c e p t   t h a t  t he  f u s i b l e  mass 
i s  s t o r e d   i n   c l o s e   p r o x i m i t y   t o   t h e   s k i n  and heat t r a n s f e r  
i s  accomplished by conduction. 

The f u s i b l e   m a t e r i a l  i s  d i s t r i b u t e d   i n   s e a l e d   p o c k e t s   o v e r  
the s u i t ' s   i n n e r   s u r f a c e .  The pockets  are i n   d i r e c t   c o n t a c t  
w i t h  t he  s k i n  and  metabolic heat  i s  t r a n s f e r r e d   t o  the mass 
by conduction  through t h e  p o c k e t ' s   o u t e r   l i n i n g .  The s i n k  
i s  cooled  during the regenera t ion   cyc le   onboard  t h e  space- 
c r a f t ,  which r e s u l t s   i n   t h e   s o l i d i f i c a t i o n   o f  the  mass. 

A ser ious   p roblem  assoc ia ted   wi th  t h i s  technique i s  the  

formation of a l i qu id   l aye r   o f   mo l t en   hea t - s ink  material 
between t h e  l i q u i d - s o l i d   i n t e r f a c e   a n d   t h e  s k i n  (shown i n  
F igure  4-2)  . T h i s  l a y e r ,  which has low thermal  conductance,  
increases t h e  tempera ture   g rad ien t  between t h e  s k i n  and the 

cons tan t - tempera ture   l iqu id-so l id   in te r face   and  is  a l i m i t i n g  
f a c t o r  on t h e  sys t em ' s   ope ra t ion  t i m e .  
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The problem  could  be  overcome by one of three methods: 

1. U s e  ice, wi th  i t s  h i g h   h e a t  of fus ion ,  as t h e  
f u s i b l e  material. Because  of  the low me l t ing   po in t   o f  water 
a n   i n s u l a t i o n   l a y e r  is  needed   be tween  the   sk in   and   the   hea t  
s ink .  By us ing   va r i ab le   hea t -p ipes  the added i n s u l a t i o n   o f  
the   th ickening   l iqu id   l ayer   could   be   compensa ted   for  by an 
increased  conductance of t h e   i n s u l a t i o n   l a y e r .  

2 .  U s e  a f u s i b l e  material w i t h  a m e l t i n g   p o i n t   c l o s e   t o  
the des i r ed   sk in   t empera tu re  (see Table 3-3)  t o  minimize 
t h e   i n s u l a t i o n   r e q u i r e m e n t s ,  and  improve the   t he rma l  con- 
duc t iv i ty   t h rough  the l i q u i d   l a y e r .  This could  be 
accomplished by developing materials w i t h  i nhe ren t ly   h igh  
thermal  conductance  or  by  use  of  thermally-conductive  f ins 
extending  from t h e  con ta ine r  w a l l  i n t o   t h e   f u s i b l e  mass. 

3 .  Remove t h e   l i q u i d   l a y e r  as it forms. One  way t o  
a c h i e v e   t h i s  i s  shown schemat i ca l ly   i n   F igu re  4 - 3 .  A pres-  
sur ized   gas  i s  u s e d   t o   f o r c e  the s o l i d - l i q u i d   i n t e r f a c e  
toward the  sk in ,   thus   squeez ing   the   mol ten  material i n t o  r e f i l l  
b ladders .   Regenera t ion   of   the   sys tem w i l l  r e q u i r e  a w a r m  soak 
of t h e  s u i t   t o  m e l t  t h e   f u s i b l e   m a t e r i a l   a n d  the app l i ca t ion   o f  
an   ex te rna l   gas   p re s su re  a t  the re f i l l  p o r t s   t o   f o r c e  the 

l i q u i f i e d  material back i n t o  the center  compartment  where 
i t  w i l l  be coo led   and   so l id i f i ed .  

The advantages  of the in t eg ra t ed   hea t - s ink  are t h a t  no 
expendables are needed  and  that  the system  can be regenera ted  
o n b o a r d   t h e   s p a c e c r a f t   f o r   r e u s e .  The disadvantages are t h a t  
heat t ranspor t   th rough a mol t en   l i qu id   l aye r   p re sen t s  a 
problem, the system i s  incapable   of   absorbing  instantaneous 
metabol ic  rates i n  excess of 850-1100 Btu/hr,   the  hardware 
may cons t r a i n  the a s t r o n a u t  ' s  mobili ty  and  the  design  does 
no t   accoun t   fo r   changes   i n   t he   a s t ronau t ' s   sk in   t empera tu re  
as r equ i r ed   fo r   comfor t  (see Figure 1 - 2 ) .  This i s  due t o   t h e  
fact  t h a t  hea t   abso rp t ion  by  phase-change i s  a constant   tempera-  
t u r e   p r o c e s s .  An addi t iona l   d i sadvantage  i s  tha t  no  working 
pro to type  has yet  been  developed. 
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4 . 4  Recommendation for Un ive r s i ty  Research 

a. 

b. 

C. 

I n v e s t i g a t e  t he  p o s s i b i l i t y  of improving the performance 
and lifetime of   wicking  mater ia ls .  

I n i t i a t e  the development of an  automatic  temperature 
con t ro l l e r   compa t ib l e  w i t h  the liquid-phase-change 
cooling  garment.  

I n v e s t i g a t e  t he  f e a s i b i l i t y   o f  an i n t e g r a t e d   s p a c e s u i t  
r a d i a t o r  as a n   a u x i l i a r y   h e a t - r e   j e c t i o n  system. 
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V. SUMMARY 

An at tempt  was made i n   t h i s   r e p o r t  t o  b r i n g   t o g e t h e r ,   i n  
concise   form,   the most p romis ing   concep t s   i n   t he  area of  
t he rma l   con t ro l   i n   po r t ab le   l i f e - suppor t   sys t ems .  A s  i s  
so  o f t e n   t h e  case, the  opt imal   system  for   any  given  mission 
p r o f i l e   p r o b a b l y  combines a number of   these   concepts ,  
explo i t ing   the i r   respec t ive   advantages   whi le   min imiz ing  
the  disadvantages.   Understandably , t he   na tu re   o f   t he  EVA 

mission i s  an   impor t an t   f ac to r   i n   t he   p rocess   o f   op t imiz ing  
the   thermal   cont ro l   sys tem.   F igures  5-1 & 5-2 p r e s e n t   t h e  
re lat ive  advantages  of   several   systems  f rom  the  s tandpoint  
of  launch  volume  and  launch  weight when the   mi s s ion   cons i s t s  
of  repeated  4-hour EVAs.  O the r   f ac to r s   such   a s   sys t em  cos t ,  
cos t   o f   deve lopment ,   re l iab i l i ty ,   sa fe ty   and   comfor t ,   to  
name a few,  must also be  considered.  

With t h i s   i n  mind,   the   topics   which  appear   to   hold  most  
i n t e r e s t   f o r   f u r t h e r   r e s e a r c h  are r e i t e r a t e d  below: 

a.  

b. 

C. 

d. 

Better understanding of human thermal   processes   and 
hea t   ba l ance   i n   t he   space   env i ronmen t  i s  needed. 

Develop  comfort c r i t e r i a  a p p l i c a b l e   t o  EVA under 
va r ious   g rav i ty   cond i t ions  and d i f f e r e n t   h e a t - t r a n s f e r  
modes. 

Develop   an   au tomat ic   regula tor   to   cont ro l   the   cool ing  
rate and the   sk in   t empera tu re   fo r   t he   l i qu id -coo led  
garment (LCG) and the   in tegra ted   l iqu id-phase-change  
cooling  garment ( E C G S ) .  

Develop r e l i a b l e ,   f l e x i b l e ,   v a r i a b l e - c o n d u c t a n c e   h e a t -  
p ipes .  
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e. Improve the  performance  and the  lifetime of c a p i l l a r y  
devices   such as porous   p la tes  and wicks.  

f .  Maximize t h e  e f f ic iency   of   expendable- re f r igerant   sys tems 
through. the  minimizat ion of the  energy  of t he  s t o r e d  
r e f r i g e r a n t  and t h e  maximization of the  energy  of  t he  
ejected gas.  

g .   Inves t iga t e  t he  f e a s i b i l i t y  of a u x i l i a r y   h e a t - r e j e c t i o n  
systems t o  minimize power  and  expendable  requirements. 
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